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Backstepping Supertwisting Control of Four-Phase
Interleaved Boost Converter for PEM Fuel Cell

Xinyang Hao
Youcef Ait-Amirat

Abstract—This article proposes a novel and robust nonlinear
controller for a four-phase interleaved boost converter combined
with proton exchange membrane fuel cells. The proposed controller
has an inner loop based on a backstepping algorithm, which would
transfer the state function of the system to the differential equation
of the error variable by using a recursive procedure. The refer-
ence current is generated by a supertwisting sliding mode (STSM)
algorithm in the outer loop; the sliding surface is defined by the
error between the output voltage and reference voltage. The strong
robustness and highly dynamic feature of the proposed controller
are shown by the performance of the output voltage, source cur-
rent, and settling time. Besides, the parameters of the proposed
controller are tuned and then well optimized using a particle
swarm optimization algorithm, and their effectiveness is verified
by considering the uncertainty of different operation statuses and
the deviations of circuit components. Furthermore, a double-loop
STSM controller is chosen for comparison and discussion. The ef-
fectiveness of the proposed controller is further evaluated through
experimental results obtained with a 500 W fuel cell system based
on a real-time hardware-in-the-loop system.

Index Terms—Backstepping controller, fuel cell (FC)
applications, interleaved boost converter (IBC), particle swarm
optimization (PSO), supertwisting sliding mode (STSM) controller.

I. INTRODUCTION

ITH the development of the industrial process, fossil

fuel still occupies a huge ingredient in energy structure,
which would reach approximately 70% in 2050 [1]. However,
excessive utilization and burning of fossil fuel for vehicular
application have already brought the issues of excessive green-
house gases emissions, energy shortage, and resource allocation
[2]. Over the past two decades, many alternative solutions, such
as lithium-ion batteries and hydrogen are gradually applied to
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hybrid vehicles, which would be a transition to realize 100%
defossil fuel [3], [4]. Hydrogen combined with fuel cell (FC) as a
chemical energy carrier has become a research hotspot due to its
zero emission, high-power energy, and temperature adaptability
compared with batteries.

Proton exchange membrane fuel cell (PEMFC) is selected as a
prime candidate for vehicle applications because of its excellent
performance and stronger environmental adaptability [5]. Since
the voltage of a single FC is too low to directly use in practical
application, several cells are connected in series to boost voltage.
Commonly, the number of cells for an FC stack ranges from
hundreds to thousands, which depends on the requirements of
voltage and power. However, such an amount of cells would
decrease the stability of an FC stack; furthermore, it is hard to
maintain the stability of the output voltage for an FC stack, which
is caused by the nonlinear characteristics of voltage—current. A
dc—dc converter is required to provide a stable voltage and boost
FC stack voltage to the desired level.

Among the most sorts of dc—dc converters, two types with
voltage boosting functions are the main candidates: isolated and
nonisolated converters. The odds of the former are the realization
of electrical isolation and theoretically infinite voltage boost ra-
tio. Applications that are not sensitive to the size requirement and
need a high-voltage ratio have employed the isolated converter
to FC filed [6], [7], such as photovoltaic. Nevertheless, as for
vehicle applications, size, cost, and power density are all the
consideration factors, which make the isolated converter is not
an attractive selection. Theoretically, a standard boost converter
as the simplest and cheapest nonisolated converter could be used
in FC vehicles, but its simple structure determines that it is not
recommended to be employed due to lacking redundancy and no
current ripple inhibition ability. An interleaved boost converter
(IBC) is constituted by several standard boost converters in
parallel; this interleaved topology not only retains the simple
structural property of standard boost converter but also solves
the issues of redundancy and ripple inhibition, which is rec-
ommended as the primary selection for FC vehicles. Therefore,
some research articles have been revealed for IBC used in the
PEMEC applications [8]-[10].

Nevertheless, it is not an easy task to design a controller for an
IBC working for the FC vehicle. On the one hand, many factors
need to be considered, such as load disturbance rejection and
minimizing the FC current ripple and overshoots. This would
bring extra performance requirements for the controller. On the
other hand, the nonlinear feature of the FC stack and the ac
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component, included in the IBC transfer function from the duty
cycle to the output voltage, further increase the difficulty of the
controller design. Although a double-loop controller based on
proportional—integral (PI) algorithm could satisfy the stability
near a certain static operating point [11], it is necessary to
design a controller that can meet large wide range stability.
Nonlinear controllers have already been reported to solve similar
issues for power control in general. Some technologies, such
as port-controlled Hamiltonian formulations, Euler—Lagrange,
backstepping, and supertwisting sliding mode (STSM), are
adopted to regulate the voltage for different converter topologies
[12]-[16].

Saadi ef al. [17] proposed a dual-loop control with H, algo-
rithm for four phases floating IBC (FIBC), which was validated
through an FC emulator. Although the effectiveness of the con-
trol algorithm has been shown by experiments, it would reduce
the persuasions because of a lack of comparison with other con-
trol technologies and reliability proof for selected parameters.
The different control algorithms with a suitable observer are the
research hotspots in recent years, such as flatness control with
extended state observer (ESO) in [10] and active disturbance
rejection control with ESO in [ 18], benefiting from the additional
observer; extra variable disturbance could be considered, which
would further enhance the robustness of the system. Although
the above controller is designed for the FC application and shows
the expected performance with the experimental results, the
shortage is that the FC emulator source is used to replace the FC
stack in the experimental validation. A dual-loop PI controller
was introduced and verified with IBC for FC in [11]. Hao et
al. [19] proposed a double-loop supertwisting sliding mode
(DL-STSM) control for IBC by considering the performance
of FC current, which also shows the good robustness; however,
the chattering phenomenon that brings additional ripples to the
FC current cannot be eliminated due to the property of sliding
mode.

Backstepping control has been developed to stabilize nonlin-
ear dynamical systems [20], [21]. It is a recursive design proce-
dure that links the choice of a control Lyapunov function with
the design of a feedback controller and guarantees asymptotic
global stability of strict feedback systems [22]. The number of
recursive steps depends on the number of state equations of the
system designed. In actual application, the state equations of
the system would be transferred into the differential equation
of inductor current and virtual control law, the corresponding
Lyapunov functions are established to complete the stability
proof. Some research works have reported that backstepping
control is widely used in many fields, especially in photovoltaic
systems [23]. The following reasons prompted us to select a
backstepping controller in the regulation of the inner loop.

1) Although the recursive technique brings more flexibility
for designing [24], complexity is also added if the system
has a high order, and it would further lead to a computa-
tional burden [25]. Only the current loop is regulated by the
backstepping algorithm, which can avoid the calculation
for the voltage loop.

2) Even though there is no direct theoretical correlation be-
tween employing STSM control and the FC current ripple,
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Hao et al. [19] reveal through the experiments that the
STSM control for the inner loop would increase the FC
current ripple.

3) Taking into account the demand for rapidity in the inner
loop, backstepping control is an effective method to main-
tain the transient stability of power systems under large
disturbances [26], which is very significant for variables
that need to change rapidly, such as currents.

Since the STSM algorithm was first proposed, its successive
research has covered from the spacecraft to vehicles. Identically,
we selected STSM control of the outer loop of the IBC. That is
because the following merits are suitable for the output voltage.

1) Considering the robustness requirements of the outer loop,
the STSM algorithm as a higher order sliding mode control
shows good performance in strong robustness against dis-
turbance and noises [25] compared with other nonlinear
controllers.

2) Compared with the traditional ST control, the STSM algo-
rithm can significantly reduce the chattering phenomenon
[27].

3) Compared with linear controllers, such as the PI controller,
the STSM algorithm is efficient for a large operation range.

In our research, the corresponding sliding surface is set up to
the error between the output voltage and the reference voltage,
and the control law is the reference current that would be used to
constitute the duty cycle in the inner loop. Besides, the stability
would be proofed by a candidate Lyapunov function.

In this article, a novel and robust double-loop controller is
designed for IBC with FC. The proposed controller structure
has two parts: inner loop and outer loop. First, a backstepping
control for the inner loop is used to ensure inductor current
reference tracking. Then, an STSM control for the outer loop is
used to boost FC stack voltage to the desired voltage level. Both
controllers’ parameters are optimized by using a particle swarm
optimization (PSO) algorithm and the robustness of the proposed
control system is validated by the uncertainty operation status
and changes of circuit parameters.

Although, many controllers based on the different algorithms
have been proposed and verified for FC system converter. It is
hard to find an equitable method to evaluate each controller, es-
pecially for the different nonlinear controllers. Different exper-
imental environments and devices, such as different FC stacks,
remaining useful life of the FC stacks, working frequency, con-
verter topologies, and power levels, limit a systematic compari-
son of different controllers. However, we can still evaluate them
from the macroperspective through the number of employed
sensors, whether existing stability corroboration, experiments
with the use of real FC stack, controller parameters derivation
and verification, etc. Table I lists some different controllers
that have been proposed in the converters for FC applications.
Through the comparison of some macrofactors, the proposed
controller not only provides sufficient theoretical support, such
as stability certification, parameters derivation, and verification,
but also is verified by the FC through setting a fair comparative
experiment, which can also be regarded as the advantages. The
limitation of the proposed controller is that an additional current
sensor for the dc bus is required for the control system. The
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TABLE I
DIFFERENT CONTROLLERS USED IN CONVERTERS FOR FC APPLICATIONS

Name Type Topolo Sources Power Sensors Parameters ~ Parameters Stability Comparative
p pology level number derivation  verification  certification  Experiments
Dual-loop . FC
. Nonlinear FIBC 1.2 kW Normal No No No No
He algorithm [17] emulator
Dual-loop .
PI controller [11] Linear IBC FC 1 kW Normal Yes Yes Yes No
Flatness algorithm . FC
with ESO [18] Nonlinear IBC emulator 240 W Normal No Yes Yes Yes
Dual-loop .
STSM controller [19] Nonlinear IBC FC 500 W Normal Yes No Yes Yes
Adaptive Linear+
backstepping controller [21]  Nonlinear IBC FC 460 W Normal No No Yes Yes
Backstepping Super-twisting Nonlinear IBC FC 500 W More Yes Yes Yes Yes

sliding mode controller

The bold entities emphasize the controller that is used in this article.

novelty of the proposed controller lies in the adoption of a
new structure of inner loop with backstepping and outer loop
with STSM, which can further provide strong robustness and a
highly dynamic feature. Based on the above analysis, the main
contributions of this article can be summarized as follows.

1) A novel robust controller was proposed by combining
two different nonlinear control algorithms: backstepping
control for the current loop and STSM control for the
voltage loop. In addition, theoretical support was provided
by the corresponding stability certifications.

2) The PSO algorithm was employed to optimize the best
controller parameters by considering errors between the
reference value and measurement value of the output
voltage and FC current.

3) Theeffectiveness of the selected controller parameters was
verified by taking into account uncertainty operation status
and changes of circuit parameters.

4) A 500 W FC system was built for the effectiveness test of
the proposed controller. Furthermore, a DL-STSM con-
troller, set with the same parameters optimization method,
was used to make a fair comparison.

The rest of this article is organized as follows. The mathemat-
ical model of PEMFC, which is predigested by rational assump-
tions, and the model of four-phase IBC, which is derived from
its operation principle, are introduced in Section II. Section III
presents the controller design in detail. The specific contents
include designing inner- and outer-loop controllers based on the
backstepping and STSM algorithms, respectively, the selection
and verification of controller parameters, and robustness testing
against the different uncertainties. The description of the test
bench and experimental results are presented in Section IV.
Finally, Section V concludes this article.

II. PEMFC AND FOUR-PHASE IBC MODELING

The FC and its converter are the main components in our
research system, and it is necessary to comprehend their working
principle and establish their mathematical model. Due to the
multiconditional influence and the complexity of modeling for
chemical reactions, a common and brief equation FC model is
employed based on its working principle. IBC as a sort of kindly
energy converter for FC application has been widely used due

to its unique characteristics. A nonlinear model for four-phase
IBC is built.

A. PEMFC Stack Modeling

Same as other sorts of FC, the reactions that happen in PEMFC
are oxidation of Hs and reduction of O5, which occur at the
PEMEFC anode and the PEMFC cathode, respectively [28]

Anode : 2Hy — 4H' + de™ o
Cathode : Oy + 4HT 4 4= — 2H50 + heat.

Normally, four layers with different functions are included
in PEMFC: flow field plate, gas diffusion electrode, catalyst,
and proton exchange membrane. The whole working process
of PEMFC needs to consider multidomain knowledge: ther-
modynamics, electrochemistry, and fluid mechanics, so it is
too difficult to establish a precise model for PEMFC when the
health condition of PEMFC is further considered. Some research
works have been done to find a suitable and precise model for
PEMEFC [29]; however, building a complex PEMFC model is
not the emphasis of this article. A brief model that matches
the properties of PEMFC should be employed with the dc—dc
converter application.

Essentially, the PEMFC voltage is determined by its current
density in a given operating condition [30]. Commonly, three
parts are differentiated based on the current density: activation
polarization, ohmic polarization, and mass transport loss. Some
necessary assumptions would be considered before the PEMFC
model is established, which can be referred to the article pre-
sented in [31]. A model that considers the computation of the
polarization curve and electrochemical impedance around the
running point [30] is used in our article. Because the behavior
between the two electrodes seems as a supercapacitor, Fig. 1(a)
shows the equivalent electrical circuit for PEMFC; where: C is
an equivalent capacitor, 7act, Tconcs and 'ohmic are the equivalent
resistances of activation, concentration, and ohmic in PEMFC,
respectively, and Enerst 1S the reversible potential. Based on
the above parameters, the voltage of a PEMFC stack can be
expressed as

@)

Vstack = N (ENerst - AUacii - AUconc - A(Uohrnic)

where n represents the number of FC monomers.
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(a) (b) (c)

Fig. 1. Equivalent electrical circuit of one single cell. (a) PEMFC equivalent
model. (b) Simplified model exceeding 10 kHz. (c) Simplified equivalent model
exceeding 10 kHz.

The stack ohmic impedance can be considered as a pure and
consistent resistance if its working frequency exceeds 10 kHz
[32], which would further simplify the proposed model to a dc
voltage source and a resistive impedance, which can be shown
in Fig. 1(b). For the convenience expression, a voltage source,
as shown in Fig. 1(c), can be used to replace the structure in
Fig. 1(b).

Two aspects decide the property of PEMFC voltage, which
is not primary in the vehicle application. First, the voltage
feature of PEMFC is dominated directly by its current; then, the
performance of PEMFC current would influence the lifespan of
PEMFC. In actual application, a suitable controller would be
added to boost the lower PEMFC voltage to a higher constant
dc bus voltage within the range of conversion capacity. During
this process, the performances of PEMFC current and the dc bus
voltage are the main factors to be considered. In total, the model,
as shown in Fig. 1(c), can meet the requirements in our research.

B. Four-Phase IBC Modeling

As mentioned in Section I, IBC is selected for FC applications
due to the advantages brought by its interleaved structure. As to
the specific number of phases, four-phase is a tradeoff selection
for the general demand. Two views from the efficiency and
inhibition for FC current ripple could account for this issue.
The efficiency and inhibition for FC current ripple would be
increased when the number of phase increases; however, the
corresponding effect would also become unobvious with the
increasing phase number. Furthermore, considering the cost
brought by more phases, four-phase turns out more suitable for
our cases.

Four-phase IBC, as pictured in Fig. 2, has a similar struc-
ture and can be considered as four standard boost con-
verter parallel connection. Each boost converter contains an

inductor Li(k = 1, 2,...,4) with its parasitic resistances
rop(k = 1, 2,...,4), adiode Di(k = 1, 2,...,4), and a
power switch T, (k = 1, 2,...,4). Cisthe common capacitor,

f1 is the circuit load, and v;, and 4;, are the PEMFC output
voltage and current, v,y and i, are the dc bus voltage and
current, respectively.

Four-phase IBC works on continuous conduction
mode (CCM) based on the interleaved drive signal
Gr(k = 1, 2,...,4) where T /4 exists between two adjacent
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Fig. 2. Topology of four-phase IBC.

phases and the proper inductors sizing. ix(k = 1, 2,...,4)
are the currents flowing through the inductor Lj and
the PEMFC current is the sum of all inductor currents
(4in =41 + 12 + i3 + i4). For the convenience of analysis, the
following assumptions are listed as Ly, = Land rp, =1y, .

For a standard boost converter, source power would be trans-
ferred to the inductor L and the capacitor C is discharged
through the load if T} is ON. When T}, is OFF, the source and
inductor would charge the capacitor and load simultaneously
through the diode Dy,. Therefore, the model of four-phase IBC
can be obtained based on Kirchhoff’s current/voltage law and
the above assumptions

diy out ;
=~ (- ) = i+ o,
4 4 3)
dvgy: 1 . 1 1 .
5t =c Zlk—mvout—a > Ukl

k=1 k=1

where ui(k = 1, 2,...,4) is the duty cycle for switches 7.

Afterward, the static voltage gain M(U) of four-phase IBC in
CCM would be obtained by omitting all the losses
Vout 1

= — 4

v T (4)
where V¢, Vin, and U are the average dc values of vy, Vin,
and uy, respectively. Undoubtedly, the features expressed as (3)
and (4) can be extended to the application to other phases IBC.

M) =

III. CONTROLLER DESIGN

In this article, a double-loop control system is designed for
four-phase IBC. An outer loop (voltage loop) based on the
STSM algorithm is used to ensure the good tracking ability
in output voltage and generate the suitable current reference
simultaneously. An inner loop (current loop) that uses the back-
stepping control algorithm is employed to enhance the ability of
disturbance rejection and control the FC stack current indirectly.
Then, the stability analyses for two loops are proved by using
the Lyapunov approach. In addition, the proposed controller
parameter selection with their optimization based on the PSO al-
gorithm is presented. Furthermore, their effectiveness is verified
by using multiple parameter combinations. Robustness results of
the control system against the different uncertainties are shown
in Section III-D. In this way, the controller design is divided into
four parts, where they are introduced in detail.
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A. Backstepping Control for Current Loop

The core scheme of backstepping control is transferring the
system state function to the error differential function by es-
tablishing the virtual control law. Then, a new error differential
function could be certificated by the Lyapunov functions.

Observe that (3) contains four main variables: output voltage
Uout, iNput voltage v;,, inductor current iy, and duty cycle
uy. As mentioned before, due to the property of FC stacks,
the input voltage vi, depends on the input current. The rest
variables should be stabilized asymptotically at Iqf, Ve, and
Ur = 1 — Viy/Vous. Equation (5) is established by defining
T1p = 1 and o = Vout t

—(—up) P — Fx1k + Foim

4
E UKL k-

T =

&)

fLCJ;2

First, the stability of the first state of (5) should be evaluated.
Assuming the error zj;, which is the difference between the
inductor current and the reference current

- Iref (6)

where [t is produced by the outer loop, and the continuous
variable z1, is covered in a range of [imin — imax, max — %min]-
Combining the derivative equation of inductor current, the dy-
namics of (6) can be rewritten as

21k = L1k

ar=—(—u)2 = Lay L — 1, (D)

L L L rel

A Lyapunov function is proposed to be

1
327 ®)

where (8) can satisfy the requirements for a candidate Lyapunov
function: V4 (0) = 0 and Vi(z1x) > 0 when 21 # 0. After-
ward, the time derivative of V(21 ) can be calculated as

Vi(zik) =

4

>z ©)

k=1

Vl (Zlk) =

It is clear to know that V; (21%) < 0 for all zy; # 0 if a new
definition

Z1k = —C121k, (€1 > 0) (10)

is considered; therefore, the control objective tlim 21 = 0 can
—00

be fulfilled, which indicates iy, = I,y as well as t — oo. It
is possible to assume that xo/L is a virtual control law. Its
expression can be derived by using zy; = —cy 21 and further
combining (7) as

% = = [clzlk — %xlk + 7 K I-mf]/(l — u;)
QY
where the range of o is limited between

[X2_min/L7X2_max/L}~
As the second step, the objective is to make o /L asymptot-
ically approaching o when ¢t — oo. The error 25 is defined by
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using virtual control law as
L2

22k=f—04k-

where the range of zo resides in [(Voutmin

(vout max — UVout min)/L] .
Afterward, the time derivative of o, can be obtained accord-

ing to (11) as

12)

— Vout max)/La

rLE1k Up O

L1 —uy)

So, the time derivative of z, can be derived by using (5) and
(13) as

4
ok = 15 Z (z11) — 5 kZ (upz1r) —

[ .
ref TLT1k U Qg
+ 1—uy, + L(1—ug) 1-uy”

Clélk - I’!‘Ef
1-— Uk

(13)

ap = .
1—uk

vy 4 2zak
TLLC T Touy

—

(14)

Up to now, the state space (5) of four-phase IBC has been
expressed by the error differential (7) and (14). A candidate
Lyapunov function is required to prove the asymptotic stability
of zok, expressively fli}rglo 2o, = 0. Accordingly, a composite

Lyapunov function is proposed as

Z 2

where again (15) meets the requirements, i.e., V2(0,0) =0
and Va(z1x, z2k) > 0 when z15 # 0, 295, # 0. Then, the time
derivative of V5(z1x, 225 ) can be presented by (9) and (10) as

Va(z1k, 221) = Vi(z1k) (15)

4

D {1zl — 223y, + zaklcazar + 2o}
k=1

%(Zlkaz2k) =

(16)
where co > 0 is a parameter that needs to be designed. Note that
(16) would be the negative definite if the item between square
brackets is equal to zero. In other words

CaZo + %ok, =0 (17)

is the condition that could meet the equilibrium (21, 201) =
(0,0) asymptotically. Correspondingly, the control objective of
the output voltage v,,,; and the inductor current ¢, can be fulfilled
at the same time
tll)né.lo 1 = Irefa tlinlolo Vout = Vref~ (18)
Combining (14) and (17), the duty cycle uj, could be derived
as

Uy =

+i Z (1 — ug)z1k] —

[ (1 —up)?]z1e + [(c1 + c2) (1 — up)] 22k
}L_géx2 + ITPf TLilk o
(19)
Afterward, the zero dynamics of (19) is necessary to be
checked, which could reveal whether or not uj converges to

its equilibrium. In this way, assuming that the four-phase IBC
works in a stable state, which would lead to the error variables
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211 and 29 equal to zero. And rj could be omitted for a better
analysis. The following equation can be obtained as:

Tik = Iref7 T2
Q= Vm/[L(l - uk)]

Taking (20) into (19), then the controller dynamic can be
rewritten as

Iep =0, (20)

= Vrefs

401 — uy,)? 1—ug

Ler — 21
c f 2D

. — Uk
U = ‘/ref

fLO 8 Vm
There are three equilibrium points for u by observing (21) if
Vief = Vour and Iy = Ir), are employed, these are uj =1
and up =1+ V;,, /Vous. Only ug =1 —V;, [V, has actual
physical meaning due to 0 < uy < 1. Then, (21) could be
rewritten at the equilibrium point wu,; the specific operation is
that using (1 — u4)? = in /A 1.1y r replaces the corresponding
items. After some derivation, (21) can be represented at u

1 (1 —w)?
fLC | (1 —u,)?

(1 —ug)?
1 — ug

Uy = (22)

Consequently, a linear approximation is adopted around w4 in
(22), the last form can be obtained as

1
fLC

Note that (23) can easily prove that wu; converges to ug
asymptotically as t — oo.

’llk = — [uk — ’U,S] . (23)

B. STSM Control for Voltage Loop

Note that (19) has a parameter I, that should be provided
by the voltage loop. From another side, the control object of the
voltage loop is the backstepping controlled IBC as an equivalent
plant, and therefore, it is necessary to derive the inner closed-
loop transfer function for designing the STSM controller.

Based on (7), by letting 215, = 0, the equivalent duty cycle
Ueq can be obtained as follows:

jrefL — VUin

ueq:1+ 2

(24)

Assuming that the inductors’ currents are equal and taking
(24) into the last equation of (5), the following relationship can
be obtained as:

4211V :13% 4Lxy dlyvey

2 T T e T C

dt C (25)

Let the derivative in (25) be zero, and the equilibrium point
is obtained as

X3
4fL‘/1n .

Using dc component and ac components, such as

X = Iref = (26)

1k = Xig + Tk, @2 = Xo+ T2, Vin = Vip + 0 (27)
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to replace the variable in (25) around the equilibrium point, the
following equations can be obtained as:

diy  X30in + 48 VAR  2Xo@y,  LX3 diy
Zar fL.CVi f.C fLCViy dt
(28)

Laplace transform is employed to the ac part of (28). The
inner closed-loop transfer function can be acquired as

xa(s) a—bs
Gielv. o= —+~ = 29
ie|vin(s)=0 ICl(S) s+c ( )
where a = ﬁ(mg,b ffé{‘zn,andc:h%.

As mentioned before, the inner closed loop is considered as
an equivalent plant in the progress of designing the voltage loop
controller. The input is I,..; and output is 2, then the following
equation can be acquired based on (29) as:

o = —cxy + alef — blyef. (30)
Because (30) is a first-order system, denote f = —cxy —
bl,cs, the sliding surface s = x9 — V,..y and the control law

of STSM

Loy = —B1|s|"sgn(s 31)

- [ o

the derivative of the sliding surface can be obtained as

5 = iy = —aBils|sgn(s) — afs / sen(s)dt + f.  (32)

The necessary proof of outer-loop stability based on the Lya-
punov function and Schur theory is presented in the Appendix.
The parameters that can satisfy the requirements of asymptotic
stability of the outer loop can be limited as

erefC
51 > 2‘/:”7, )
sy3 2V, V2 .C? V3 .C3)8?
ﬁz > 2n61 2( ref 51 ref ) (33)
‘/inﬁl(4W7L51 2V7"efc)

where J is defined in the Appendix.

Besides, owing to the parameter I,.. ; needed in the backstep-
ping controller is produced by the outer loop, which would cause
a singularity in the final expression of the duty cycle when two
loops are combined. Based on (31), the following equations can
be obtained:

Irep = —3p1]s| " *dosgn(s) — Basgn(s)
fmf = (iﬁl|s|73/25£2 — %61|s|71/2é§2) sgn(s).

From obserying (34), 2 and 5 are the essential components
to constitute I,..r, &2 can be directly obtained by using state-
space equation of voltage (5); then, &2 is acquired as

4
% Zukxlk] (35)

k=1

(34)

4

Fg :% [Z (1 — ug) z1g]

k=1

Because of existing uy in the composition of Vout, which
would cause an algebraic loop in (19). In other words, it also
influences the selection of outer-loop parameters. Combining
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Fig. 3. Control diagram of the proposed closed-loop system for four-phase
IBC with FC stack.

(19), (34), and (35), the final expression 1 can be obtained by
assuming the same operation state in all phases and ignoring 7,

C
k= -
Cay, — 201 |s| 1/28gn(5):171k

where unnumbered equation is shown at the bottom of this page.

It is considered that there is no singularity in (36) if Cay, #
261 |s|~1/2sgn(s)x 1y at all operation times. Therefore, the se-
lection of f3; is restricted as (31 # Cak|s|1/2/25gn(s)x1k. oy
has already been defined between [ X5 min /L, X2 max/L], then
10% voltage ripple is considered in the stable condition (V.. =
48 V), thus, 31 should be selected avoid the range of singularity
[BC X5 min/4LImax,3X2 max/4LImin]. In this way, 51 can be
selected to be less than 3C Xy ,in /4L L1y ax, finally, the range of
By is limited by combining (36) as

‘/Tefc 3CVout7min
2‘/271 4LImax .

Note that (37) depends on the converter parameters and the
upper limit of the inductor current, which is related to the
employed FC stack.

Fig. 3 shows the diagram of the proposed controller. The
relationship between each part and parameters involved in the
whole process can be found.

N (36)

< B < (37)

C. Selection and Verification of Controller Parameters

For most nonlinear control algorithms, it is not an easy task
to select the corresponding parameters. The methods based on
experience are commonly used in solving the parameter issue
of nonlinear controllers. However, because of its commonality,
it is destined not to be the best solution for parameters and
performance of optimization. PSO algorithm as a candidate
solution without enough information by simulating the social
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of the swarm

Computation of the fitness
of each particle
v
Obtain the current
Poset and Guest

Stopping criterion
Iteration=50?

Updating velocity and
position of each particle

Computation of the fitness
of each particle

]

Obtain the current
Poset and Guest

@D

Flowchart of the proposed PSO algorithm.

Fig. 4.

behavior of birds [33] is employed in this article to deal with
this issue. The standard PSO algorithm can be presented as

Vg1 = W O Uy, +q1 e rand() o (Pbest - pk)
+ gz orand() e (Gpest — i)
Dk+1 = Pk + Vk41

(38)

where py, and vy, represent the current position and velocity, and
Pyest and Gpes are the best position of the current particle and
global best position of the whole particles. During the iteration
process, the velocity of the particle can adjust itself by the
control of the inertia weight w and acceleration constants ¢,
q2- Combining with the control system, four parameters need to
be tuned and optimized: ¢y, ¢5 for the inner loop and 3y, 32 for
the outer loop. Besides, the position is defined as

4
m = / <V:—:2rr + ZIZ'Q_ET‘T> L d tTdt
i=1

where V., and I..,. are the differences between the mea-
sured output voltage/inductor current and the reference volt-
age/inductor current, respectively, and ¢, represents the time
variable. The flowchart of the proposed PSO algorithm is shown
in Fig. 4.

The number of swarms and iteration is set to 50, and m could
be obtained by the simulation model. The simulation is estab-
lished by using MATLAB/Simulink, the sampling frequency of
the inductor current is 5 kHz, which is the same as the four-phase

(39)

A:

2
[ — (1 — uk)?]zan + [(e1 + e2) (1 — uy)]zgy + 20d 21k

2 . . 2 —
sy + 1815|7243 — 261 [s| 21— wp)zksgn(s) + g s 712

T fLLC

2f.C
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TABLE II
SPECIFICATIONS’ PARAMETERS OF THE SYSTEM

Ttems Components Practical Simulation
P Value Value
Inductor
L(k=12,..4) I'mH
Parasitic-R
r(k=1,2,...,4) 30
Capacitor C 6600 UF
Four- Frequency f 5kHz
phase IBC IGBT
T.(k=12,..4) IXGNI20N60A3DI  Default Model
Diode
D,(k=12,..,4) BYV541V-200 Default Model
Output 40V~70V 43V
voltage
Nominal power
1200W (500 W
Ballard VReal) DC Power
Source FC Stack Nominal voltage: Source
26V 26V
Operating voltage:
22 V~50 V
Load Elef(f;g“‘c C100-100-2K Nominal: 12 Q
BS+STSM Outer loop ﬂl = 0.0027,,32 =47.53
Controller Inner loop ¢, =2970,c, =6019
DL-STSM Outer loop ﬁl =0.047 l,ﬂz =95.64
Controller Inner loop B, =0.1044, 5, =213.2
0.24
ont | [—=— globe best position| ]
0.20 -
0.18 E
g
0.16 E
0.14 F E
0.12F 0.11313
0.10 L R L R A R
0 10 20 30 40 50
Times
Fig. 5. Trend of the best global position.

IBC operation frequency, and the output voltage sampling fre-
quency is 500 Hz. Additional other circuit parameters used in
the simulation are selected based on the actual using components
(Vin =26V, L =1000 uH, C = 6600 pF, and Vo, = 48 V);
more simulation details can be found in Table II. Besides, the
limitation for each parameter should be claimed in the PSO
program by considering (33), (38) for the outer loop, and the
first step gains ¢; lower than the second step gains cy for the
inner loop. After 50 times iterations, the trend of the best global
position can be obtained, as shown in Fig. 5. The best globe
position m declines rapidly at the beginning and then maintains
the stability gradually with the number of iterations increasing.
Finally, it stops at 0.11313 and the corresponding parameters at
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Fig. 7. Simulation results for the important indicators.

this time are: 81 = 0.0027, B2 = 47.53 for the outer loop, and
c1 = 2970 and co = 6019 for the inner loop.

To verify the superiority of the selected controller parameters,
different parameter combinations of parameters have been tested
and compared with the selected ones. Considering that there are
countless parameter combinations within the prescribed range,
the fluctuations up and down to 20% at each selected parameter
are employed. Therefore, a total of 16 different parameter com-
binations are used to verify. Fig. 6 shows the performance of the
output voltage and input current with the different parameter
combinations. The selected parameters demonstrate the good
performance that makes a tradeoff between rapidity and stability,
which is represented in the red line, as shown in Fig. 6.

In order to clearly show the performance brought by the differ-
ent parameter combinations, Fig. 7 are sorted from the settling
time, the error of the output voltage Avoyut(Vout max — Vout min)s
and the error of the input current Ay (4in max — %inmin)- Lhe
left Y-axis contains the output voltage and settling time; the
right Y-axis is the input current. The abscissa “0” represents the
selected parameters and “17—“16" are 16 different parameter
combinations. It can be concluded that parameter combinations
“10” and “12” have the faster settling time but fail in the ripple
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control of the voltage and current; parameter combination “13”
shows a relatively balanced performance. The selected param-
eters reduce the ripple of the voltage and current greatly with
a fast and acceptable stabilization time compared with other
parameter combinations.

D. Robustness Testing of Control System Against the
Uncertainty

To verify the effectiveness and robustness of the proposed con-
troller, two types of uncertainty conditions should be considered.
One of the uncertainties is brought by the change of converter
operating status, such as the different input voltages and levels
of load power. Second, the deviations of circuit components can
lead to uncertainty, which is caused by the manufacture and
aging of inductors or capacitors.

For comparison purposes, a double-loop super-twisting slid-
ing mode (DL-STSM controller is chosen by replacing the
backstepping controller in the current loop with another STSM
controller. Two reasons illustrate why the DL-STSM is selected.
First, the DL-STSM controller could provide good robustness
with a reasonable ripple limitation of input current for the FC
application; second, it shows the inhibition ability for overshoot
of the FC current [20]. For a fair comparison, the parameters
selection of the DL-STSM controller still utilizes the PSO
algorithm for better optimization. It is worth noting that the
parameters of the outer loop cannot be the same as the proposed
controller, although the same control algorithm is employed to
the outer loop, that is because the singularity does not need to be
considered in this situation. The solution is 81 = 0.0471, By =
95.64 for the voltage loop and 83 = 0.1044, 5, = 213.2 for the
current loop. The same sampling time and nominal components
value are kept with Section III-C. The parameters calculated
by PSO algorithm are employed in two different controllers to
verify their respective robustness against the uncertainty.

To verify the controller robustness to handle the uncertainty
with a variable converter operating point, five different repre-
sentative operations are selected, which are shown in Fig. 8.
The performances of the output voltage with the proposed con-
troller and DL-STSM controller are presented in Fig. 8(a) and
(b), respectively. It can be clearly observed that the proposed
controller almost shows the same output performance under the
smaller overshoot and the faster settling time compared with
the DL-STSM controller. The maximum overshoot is 3.32 V
and the settling time is 0.15 s for the DL-STSM controller;
in comparison, a 60% reduction in output voltage overshoot
(1.31 V) and 33% reduction in settling time (0.1 s) are achieved
by the proposed controller.

To verify the controller robustness to deal with the uncertainty
related to the changed circuit parameter, circuit parameters
change with a 20% fluctuation from the nominal value, as shown
in Fig. 9. The performances of the output voltage with the
proposed controller and DL-STSM controller are presented in
Fig. 9(a) and (b), respectively. Two conclusions can be obtained:
first, both controllers show almost the same performance in
terms of settling time; second, the proposed controller has better
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Fig. 8. Simulation results of the output voltage with the different operation
points. Case 1: Vi, =22V, load = 6 Q; case 2: Vi, =22V, load = 15 ; case
3: Vin = 26 V, load = 12 Q; case 4: Vi, = 30V, load = 6 ; case 5: Vi, =
30V, load = 15 Q. (a) DL-STSM controller. (b) Proposed controller.
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Fig. 9. Simulation results of the output voltage with the changed circuit
parameters. Case a: L = 800 pH, C = 5200 puF; case b: L = 800 pH, C =
5200 pF; case c: L =800 pH, C = 5200 pF; case d: L = 800 pH, C = 5200 uF;
case e: L = 800 puH, C = 5200 pF. (a) DL-STSM controller. (b) Proposed
controller.

inhibition capability in output voltage compared with DL-STSM
controller (0.88 V versus 1.88 V).

IV. EXPERIMENTAL RESULTS AND DISCUSSION

To validate the correctness of the proposed four-phase IBC
and the effectiveness of the controller concerning load dis-
turbance and the variable reference voltage, an experimental
platform was built based on the structure of Fig. 10.
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Experimental setup structure.

JdSPACE

Ballard FC Stack

(b)

Fig. 11. Experimental test bench. (a) Overall picture of the experimental test
bench. (b) Interface circuit for drive signal generating and amplification.

A. Experimental System Description

The experimental system consists of four parts: Ballard FC,
four-phase IBC, pulsewidth modulation (PWM) generation, and
the load part, which are shown in Fig. 11. The FC stack is Ballard
310-0027-02, and its nominal voltage and current are 26 V and
46 A, respectively.

However, the maximum power of the FC stack is limited
to 500 W by considering the performance degradation due
to long-term operation. As for four-phase IBC, the IGBT
IXGNI120N60A3D1 with up to 5 kHz switching frequency ca-
pability is used, which further determines converter working
frequency to 5 kHz. Besides, the inductor value L = 1000 uH
was used to ensure CCM and reduce the inductor current ripple.
The rest components are listed in Table II.

PWM generation part contains dSPACEI104, FPGA
EPCI120Q240C8, and the drive board. The controller could be
performed in dSPACE1104 and produce four PWM signals with
the same phase. FPGA is used to phase shift by T} /4 two
adjacent PWM signals. Finally, the drive board (ARCAL2108
and 2SC0108T2G0-17) amplifies the shifted PWMs to signals
G, that meet the IGBTs drive requirements. As for the load
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Fig. 12.  Variation waveform of the load current.

part, there is a programmable electronic load (model is C7100-
100-2K), which can be utilized by setting the value of absorbed
current.

Four inductor currents and output current are measured by
hall current sensor LA55-P; the input and output voltage are
obtained by two-channel differential probe MTX 1032-B. Af-
terward, the controller would implement its function based on
the above-collected values. The oscilloscope model is Tektronix
TBS 2000B, and the current probe is Fluke 801-110S. It is worth
noting that the sampling frequency is set to 5 kHz for the current
and 500 Hz for the voltage.

B. Step Load Disturbance

The load is not always constant in the vehicle application,
which needs to start and stop frequently. Therefore, studied
controllers were tested experimentally to evaluate their ability
to keep the output voltage constant despite consumed power
variations. Therefore, the reference voltage is fixed at 48 V
during the test of step load disturbance; then, the programmable
electronic load is employed to change the load every 1 s, which s
set in Fig. 12 beforehand. Fig. 13 shows the experimental results
when the output voltage is set to V,.y = 48 V' under step load
disturbance.

The evolution of the voltages (currents) at the input and output
of the IBC is revealed, as shown in Fig. 13. During the exper-
iment, five load disturbances are carried out via the electronic
load: once load increases of 1 A (48 W), twice load increases
of 4 A (192 W), and twice load decreases of 4 A (192 W).
The controller could maintain stable output voltage and inhibit
input current overshoot within a short time when suffering steps
load disturbance. From the results, both controllers reveal good
inhibition ability for the FC current overshoot, which would help
to protect FC stacks and extend their lifespan. It can be observed
that at the transient performance, with DL-STSM controller,
the output voltage varieties are 8.2 and 16 V for 192 W step
load disturbance; besides, their corresponding settling times are
350 and 440 ms. In contrast, with the proposed controller, the
output voltage varieties are 1.3 and 2.2 V, with the corresponding
settling time of 95 and 110 ms. It can also be shown that the
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Fig. 13.  Experimental results of four-phase IBC under step load disturbance
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Fig. 14.  Variation waveform of the reference voltage.

proposed controller has a better ripple inhibition ability for the
output voltage versus the DL-STSM controller.

C. Variable Reference Voltage

Even though the power converter designed for vehicle appli-
cations has a fixed dc bus voltage to a given level; nevertheless,
the proposed controller is designed to ensure that output voltage
could converge to reference voltage with the different voltage
levels. In this way, a variable reference voltage is set from 40 to
70 V with a specific profile with a fixed load, which is shown in
Fig. 14.

Fig. 15 shows experimental results with a variable reference
voltage. As it can be seen from those figures, the effect of the
DL-STSM controller and the settling time of 106 and 253 ms
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are insured when the reference changes as a step from 60 to
55 V and from 55 to 70 V, respectively. In contrast, the proposed
controller provides a faster settling time with 98 and 113 ms
for the same step. Besides, the proposed controller shows a
better performance in terms of both FC current ripple and output
voltage ripple.

From the above experiments, the proposed controller has
a better transient performance in load disturbance where the
output voltage has a smaller overshoot and undershoot. Besides,
the smaller ripple also appears in the FC stack current. The
experimental results of variable reference voltage are involved
in leading to the same conclusion.

V. CONCLUSION

Taking into account the robustness of the output voltage
and the performance of the PEMFC current, which contains
ripple and overshoot, a novel and robust nonlinear controller
is designed for a four-phase IBC working with PEMFC. The
proposed controller contains backstepping control for the inner
loop and STSM control for the outer loop. The following control
objectives are achieved: stable output voltage with different
levels, strong load disturbance rejection ability, and inhibition
ability of PEMFC current ripple. First of all, the mathematical
model of PEMFC based on the assumptions of the ideal oper-
ating conditions and the state function of four-phase IBC based
on Kirchhoff’s law are introduced. Afterward, the design of the
proposed controller was presented in detail from the following
four aspects: inner-loop controller design, outer-loop controller
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design, parameter selection based on PSO algorithm, and ro-
bustness validation for the control system against the uncertainty
by considering different operation statuses and changed circuit
parameters. Finally, an experimental test bench based on a
PEMFC system with four-phase IBC was built to verify the
effectiveness of the controllers by using dSPACE and FPGA
boards.

All in all, the proposed controller has better performance in
terms of robustness of the output voltage, settling time, and ripple
inhibition of the PEMFC current compared with the DL-STSM
controller, which would not only improve the quality of dc bus
voltage but also extend the lifespan of PEMFC.

APPENDIX

Some substitutions, w = —aBs fsgn(s)dt + f, k1 = ap,
and ko = af32, are used in (32); therefore, (32) can be rewritten

as

s |12 n

5 nEl sgn(s.) w (al)
w = —kosgn(s) + f

A candidate Lyapunov function V3(&;,&2) is established to
prove s could converge to zero as t — oo, which, therefore,
illustrate the output voltage x2 (v, ) approaches V.. I

V3(€1,82) = & P¢ (a2)
where &7 =[& &) =[|s|"*sgn(s) w] and P=1
k24+4ky —ky
—kq 2 |

V3(&1, &2) can be expanded to %[4]@5% + (k11 — &)? + £3);
the latter is positive if k3 > 0 when & # 0 and &3 # 0. In
addition, V3(0,0) = 0. The derivative of £ can be acquired by
calculation

E=1/j&) (A- €+ B-v) (a3)

ki 1
T2 2
—ko O
Therefore, the derivative of V5(&1,£2) can be expanded as

Va(&1,&) =" PE+ 7P

where A= |~ 215 = V] ana v = 512

= ﬁ[gTATpg + YT BT PE + T PAE 4 ¢ PBYyY)
1
1{§]T[ATP+PAPB} H
s el v BTp 0 | ¥
1 [[¢]1"[ATP+PAPB] [¢
<eile) e )] e
_1{§]T[ATP+PA+5QCTCPB} H
B BTP —1| |
< —(1/)&]) €7 Q¢ (ad)
where Q= —(ATP+ PA+46°CTC +PBBTP), C=

[10], and ¢ is an auxiliary variable, its value should satisfy
6= 1f].
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Note (a4) that V3(&1, o) would be negative definite if @) is a
positive definite matrix. Based on Schur theory, the conditions
that satisfy a positive definite matrix () can be obtained as

k3 + A(ky — 2)82

2
S T ()

(a5)

Combining the relationship between k; and f3;, (33) can be
obtained.
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